MDSCs decreased monocytic IL-1β secretion. Multiplex assays revealed a distinct pattern of MDSC-inducing cytokines, chemokines, and growth factors. Experimental analyses demonstrated that IL-1 cytokine family members and autoinflammation-associated alarmins differentially induced human MDSCs. Increased MDSCs might represent a novel autologous anti-inflammatory mechanism in autoinflammatory conditions and may serve as a future therapeutic target.
Induction of Myeloid-Derived
tion (particularly of the joints and skin), urticarial rash, and sensorineural hearing loss [2] . CAPS are caused by mutations in the NLRP3 (Nod-like receptor family, pyrin domain containing 3) gene encoding the cryopyrin protein, a key component of the NLRP3 inflammasome that activates caspase-1, resulting in inflammation driven by excessive secretion of the cytokine IL-1β [3] [4] [5] [6] . Disease causing mutations in the NLRP3 gene together with the typical symptoms are an indication for a continuous anti-IL-1 therapy to prevent long-term sequelae, such as kidney failure or hearing loss [7] . The physiologically occurring IL-1 receptor antagonist (IL-1RA) is highly increased in active CAPS patients, pointing to an autologous anti-inflammatory feedback loop. Up to now there have been no reports on cellular anti-inflammatory mechanisms operative in CAPS. However, inflammatory Th17 cells have been reported to be significantly elevated in CAPS [8] , providing a rationale to speculate on a counter-regulatory increase of regulatory immune cells in these patients. Myeloid-derived suppressor cells (MDSCs) represent a novel innate immune cell subset generated in tumor, infective, and proinflammatory microenvironments [9] [10] [11] . These specialized innate immune cells are characterized by their capacity to suppress T-cell responses and thereby modulate the cellular arm of the adaptive immunity [10] . Consequently, MDSCs are considered to be a key player in the balance between innate and adaptive immune responses, particularly under chronic disease conditions. In mice, where MDSCs have been studied extensively, these cells comprise both a neutrophilic and a monocytic MDSC subphenotype [10, [12] [13] [14] , while studies on MDSCs in human disease conditions other than cancer are scarce. Recent evidence suggests that primarily neutrophilic MDSCs accumulate in malignancy and systemic inflammation [15] [16] [17] . The maturation stage of neutrophilic MDSCs is still a matter of debate in the field. While the suppressive phenotype has been linked to an immature state, other concepts define neutrophilic/granulocytic MDSCs as a heterogeneous group of T-cell suppressive immune cells with neutrophilic/granulocytic phenotypes, without a clear demarcation between immature and mature cells [18] [19] [20] [21] . In this paper we favor the latter, more general approach regarding the maturity of neutrophilic MDSCs.
As murine studies have provided evidence that the inflammasome induces the generation of MDSCs as innate autologous anti-inflammatory cells [22] [23] [24] , we hypothesized that MDSCs might play a role in CAPS. Our studies demonstrate for the first time that neutrophilic MDSCs are induced in CAPS patients even under effective anti-IL-1 therapy and reveal novel MDSC-inducing factors in these patients. Increased MDSCs might represent a novel autologous anti-inflammatory mechanism in autoinflammatory conditions and may serve as a future therapeutic target.
Patients and Methods

Study Population
The study was conducted at the University Children's Hospital, Tuebingen (Germany). Informed written consent was obtained from all subjects included in the study (or their legal representatives), and all study methods were approved by the local ethics committee. The study population consisted of 28 CAPS patients (16 females, 12 males) with ages ranging from 3 to 78 years (mean age 32 years). CAPS patients were diagnosed based on their characteristic clinical presentations for CAPS and NLRP3 gene mutations [2] . Clinically, CAPS patients resembled an MWS or MWS/ FCAS overlap phenotype. At the time of blood sampling for MDSC analyses, all CAPS patients received regular anti-IL-1 treatment with canakinumab and were in clinical remission. Control subjects were from 0 to 44 years of age (mean age 14 years), without signs of infections, malignancies, or inflammation at the time of blood sampling. The samples from the children in this control group were taken through a routinely inserted intravenous line before undergoing elective surgery for multiple diagnoses.
Cell Isolation and Flow Cytometry
Peripheral blood mononuclear cells (PBMCs) were prepared from heparinized blood samples by Ficoll density gradient sedimentation (lymphocyte separation medium; Biochrom) and washed twice in RPMI 1640 medium (Biochrom). Trypan blue staining solution (Sigma-Aldrich) at 0.5% differentiated between viable and nonviable cells and showed a viability of >90% for all cells used in this study. After Ficoll density gradient sedimentation, MDSCs were characterized as SSC high CD66b high CD33 high CD16 high CXCR4 high HLA-DR low cells in the PBMC fraction based on previously established human MDSC analysis methods [15, 17] ( fig. 1 a) . PBMCs outside this neutrophilic MDSC population were CD66b negative (online suppl. fig. S1 ; for all online suppl. material, see www.karger.com/doi/10.1159/000446615). For MDSC isolation, cells were obtained from the PBMC fraction and labeled with anti-CD66b-FITC followed by two sequential anti-FITC magnetic bead separation steps (Miltenyi Biotec), according to the manufacturer's protocol. The purity of CD66b + cells after separation was >95% as assessed by flow cytometry. Conventional neutrophils (polymorphonuclear neutrophils, PMNs) were isolated from the high-density fraction of a Ficoll density gradient sedimentation (lymphocyte separation medium; Biochrom) followed by erythrocyte lysis using ammonium chloride and an additional enrichment step using magnetic bead separation for CD66b + , as described above. The morphology of the cells (MDSCs and conventional neutrophils isolated from CAPS patients) was analyzed by May-Grünwald-Giemsa staining of cytospins ( fig. 1 b) . Isolated MDSCs featured typical morphological characteristics of neutrophils, identifying them as neutrophilic MDSCs [25] . Antibodies against CD4, CD8, CD16, and CCR2 were purchased from BioLegend, anti-human CD33 from Miltenyi Biotec, and antibodies 
In vitro Characterization and Isolation of Human MDSCs
Human MDSCs were characterized in vitro according to a previously published protocol [26] . Isolated human PBMCs from healthy controls were cultured in 12-well flat bottom plates (Corning) or 25-cm 2 flasks (Greiner Bio-One) at 5 × 10 5 cells/ml in RPMI 1640 supplemented with 10% heat-inactivated FCS (PAA Laboratories), 2 m M glutamine (Sigma-Aldrich), 100 IU/ml penicillin, and 100 mg/ml streptomycin (Biochrom) (subsequently referred to as 'complete medium') for 6 days, and granulocyte-macrophage colony-stimulating factor (GM-CSF, 10 ng/ml; Genzyme), IL-1β, IL-1α (both PeproTech), IL-18 (MBL International), IL-33 (GenWay Biotech), S100 proteins (ProSpec), calprotectin (Hycult Biotech), and hybrid serum amyloid A (SAA; PeproTech) were added at different concentrations as indicated in the respective figures. For all assays, at least 3 independent experiments were performed. PBMCs cultured in complete medium alone were run in parallel as a control for each donor. Medium and supplements were refreshed after 3 days. After 6 days, all cells were collected from PBMC cultures. Adherent cells were removed using nonprotease cell detachment solution Detachin (Genlantis). MDSCs were determined as SSC high CD33 +
CD14
-cells. The number of MDSCs as a percentage of all cells in medium-only cultures was set to 1-fold for every single experiment. The MDSC induction due to the specific stimuli is presented as x-fold compared to medium control. For functional assays CD33 + cells were isolated from each culture using anti-CD33 magnetic microbeads and LS column separation (Miltenyi Biotec) according to the manufacturer's instructions. The purity of isolated cell populations was >90%, as assessed by flow cytometry. A May-Grünwald-Giemsa-stained cytospin of these isolated CD33 + cells is given in online supplementary figure  S3 . The complete flowcytometric characterization of surface markers of the in vitro MDSC population is shown in online supplementary figure S4.
T-Cell Suppression Assay and Cytokine Analysis in Supernatants
Responder PBMCs were obtained from healthy volunteers and stained with carboxyfluoresceinsuccinimidyl ester (CFSE) according to the manufacturer's protocol (Invitrogen). PBMCs were stimulated with 100 U/ml IL-2 (R&D Systems) and 1 μg/ml anti-CD3 antibody (OKT3; Janssen-Cilag). In a standardized way, 60,000 PBMCs per well in RPMI 1640 were seeded in a 96-well microtiter plate, and 10,000-30,000 MDSCs in RPMI 1640 or as control isolated conventional non-MDSC neutrophils in RPMI 1640 or RPMI 1640 only were added. Diphenyleneiodonium chloride (DPI, 1 μ M ; Sigma-Aldrich) and N G -monomethyl-L -arginine ( L -NMMA, 0.5 m M ; Calbiochem) were added where indicated. The cell culture was supplemented with 10% heat-inactivated human serum, 2 m M glutamine, 100 IU/ml penicillin, and 100 mg/ml streptomycin. After 96 h of incubation in a humidified atmosphere at 37 ° C and 5% CO 2 , the cells were harvested and supernatants were frozen at -20 ° C. CD4 + or CD8 + T cells, respectively, were gated and analyzed for CFSE dilution to determine polyclonal Tcell proliferation. Only propidium iodide (PI)-negative cells were considered for analysis. Supernatants of the cocultures were taken to perform an IFNγ ELISA (R&D Systems) and a multiplex cytokine array (Bio-Plex Pro human cytokine array; Bio-Rad Laboratories) according to the manufacturers' protocols.
Suppression of IL-1β Secretion
CD66b + MDSCs from heparinized blood of CAPS patients were isolated, as described above. CD14 + cells were isolated from the CD66b -PBMC fraction using anti-CD14 magnetic microbeads and LS column separation (Miltenyi Biotec). CD14 + cells were seeded in a 1: 1 ratio with CD66b + MDSCs or with complete medium only and left unstimulated or were stimulated with 10 ng/ ml LPS (Sigma-Aldrich) [27] . After 4 h of incubation in complete medium at 37 ° C and 5% CO 2 , supernatants were taken and IL-1β secretion of CD14 + monocytes was measured by an IL-1β ELISA (R&D Systems) according to the manufacturer's protocol. Conventional CD66b + neutrophils were run in parallel as control.
Cytokine Analysis in Serum
Multiplex cytokine array analysis in sera of CAPS patients before and 4 weeks after the start of anti-IL-1 therapy with canakinumab and of controls was performed using the Bio-Plex protein multiarray system (Bio-Plex Pro human cytokine array; Bio-Rad Laboratories). For the current experiments, a human 27-plex assay was used according to the recommendations of the manufacturer (BioRad).
Statistical Analysis
Data are reported as means ± SEM. Differences between the control group and patients were analyzed by an unpaired t test assuming Gaussian distribution or a Mann-Whitney test assuming non-Gaussian distribution. Differences between different conditions within the patient cohort were analyzed by a paired t test assuming Gaussian distribution or a Wilcoxon test assuming nonGaussian distribution. Differences between stimulants and medium control were analyzed by a one-sample t test. Correlations are described with Spearman's correlation coefficient r. Statistical tests were calculated using Prism 6.01 software (GraphPad Software). In all tests, differences were considered significant at p < 0.05.
Results
Neutrophilic MDSCs Are Increased in CAPS Patients
In a large CAPS patient cohort (n = 28), percentages of neutrophilic MDSCs were significantly increased compared to age-matched healthy control subjects (n = 36; p < 0.0001; fig. 2 a) . When compared to conventional neutrophils these neutrophilic MDSCs from the Ficoll lowdensity fraction (see Patients and Methods) showed the typical nuclear morphology of neutrophils and expressed the characteristic neutrophilic surface markers CD66b and CD16, but displayed increased expression of chemokine receptors CXCR4 and CCR2 ( fig. 1 ), as reported previously [17, 28, 29] . All CAPS patients were under anti-IL-1 therapy with canakinumab and in clinical remission or had minimal residual disease activity at the time of blood sampling. We did not detect a significant correlation of neutrophilic MDSCs with common laboratory inflammation markers, namely ESR, CRP, and SAA ( fig. 2 b) . However, with few exceptions, the values of these inflammation markers were within normal limits at the time of blood sampling. ) were isolated by MACS from heparinized blood of CAPS patients and cocultured with or without LPS (10 ng/ml) in complete medium at 37 ° C and 5% CO 2 . After 4 h of incubation, supernatants were analyzed for IL-1β levels with ELISA. Data are shown as means ± SEM analyzed by a paired t test. * p < 0.05; * * p < 0.01; * * * p < 0.001. Inflammasome-dependent IL-1 family cytokines and alarmins induce MDSCs in vitro. a IL-1 family members IL-1β, Il-1α, and IL-18 are able to induce MDSCs. PBMCs were isolated from heparinized fresh blood from healthy donors using Ficoll density gradient sedimentation. MDSCs were induced by incubating PBMCs (5 × 10 5 /ml) with complete medium only (medium control), 10 ng/ml GM-CSF (positive control), or different concentrations (1 ng/ml to 1 μg/ml) of the respective IL-1 family cytokines. MDSCs were determined as SSC high CD33 + CD14 -cells. The number of MDSCs as a percentage of all cells in medium-only cultures (mean 1.69%; median 1.3%) were set to 1-fold for every single experiment. The MDSC induction due to specific stimuli is presented as x-fold compared to medium control (mean ± SEM), and differences compared to controls were analyzed by a one-sample t test. b S100 proteins are able to slightly induce MDSCs. General culture conditions were as described under a . S100 proteins S100A7, S100A8, S100A9, or S100A12 were added in different concentrations ranging from 1 ng/ml to 1 μg/ml. The x-fold induction of MDSCs compared to medium control conditions is depicted as means ± SEM, and differences were analyzed by a one-sample t test. c Calprotectin is able to induce MDSCs. General culture conditions were as described under a . Calprotectin was added in different concentrations ranging from 1 ng/ml to 2 μg/ml. The xfold induction of MDSCs compared to medium control conditions is depicted as means ± SEM, and differences were analyzed by a one-sample t test. d SAA is able to induce MDSCs. General culture conditions were as described in a . Recombinant hybrid SAA was added in different concentrations ranging from 0.1 ng/ml to 2 μg/ ml. The x-fold induction of MDSCs compared to medium control conditions is depicted as means ± SEM, and differences were analyzed by a one-sample t test. * p < 0.05; * * p < 0.01; * * * p < 0.001. 
MDSCs in CAPS Patients Suppress T-Cell Proliferation, IFNγ, and IL-17 Secretion
To test the suppressive function of MDSCs in CAPS patients, we isolated neutrophilic MDSCs utilizing the magnetic bead technique and cocultured these cells together with OKT3-and IL-2-stimulated PBMCs. These experiments using T-cell CFSE labeling demonstrated that CAPS patient -derived neutrophilic MDSCs efficiently suppressed polyclonal T-cell proliferation of both CD4 + and CD8 + T-cell subsets in a dose-dependent manner ( fig. 3 a, b) . Conventional neutrophils did not suppress CD4 + or CD8 + T-cell proliferation. To gain further insights into the mechanisms of T-cell suppression, we blocked ROS (reactive oxygen species) by DPI and NOS (nitrogen oxide synthase) by L -NMMA. These experiments showed that the production of ROS is a main mechanism, but it did not account for the entire suppressive effect ( fig. 3 c) . In parallel with the suppression of T-cell proliferation, IFNγ secretion was diminished by MDSCs by a mechanism that also seemed to involve ROS ( fig. 3 d) .
Since IL-17-producing T cells have been previously suggested to play a role in the pathogenesis of CAPS [8, 30] , we investigated whether CAPS-isolated neutrophilic MDSCs are capable of modulating IL-17 cytokine production by CD4 + T cells. These studies showed that CAPS patient-derived neutrophilic MDSCs substantially dampened released IL-17 protein (69% reduction of IL-17 protein; fig. 3 
e).
MDSCs in CAPS Patients Decrease IL-1β Secretion by Monocytes
Beyond the already established suppression of T-cell responses we were interested to see whether neutrophilic MDSCs would also influence the IL-1β secretion of monocytes as a cardinal pathogenetic mechanism in CAPS. Our studies demonstrate that the cocultivation of neutrophilic MDSCs with inflammasome-stimulated CD14 + monocytes from CAPS patients led to a significant decrease of IL-1β in the supernatant (48% reduction of IL-1β; fig. 3 f) . Conventional neutrophils, however, did not show any effect on the IL-1β amount in the supernatant, which argues against an unspecific proteolytic cleavage effect by neutrophils in general (online suppl. fig. S2 ).
Inflammasome-Dependent IL-1 Family Cytokines and Alarmins Increase MDSCs in vitro
To analyze which factors in CAPS patients might contribute to the generation of MDSCs, we first tested IL-1 cytokine family members on their capacity to induce MDSC generation in vitro. These studies showed that the IL-1 cytokine family members IL-1β, IL-1α, and IL-18, but not IL-33, efficiently induced MDSCs to a similar extent as the well-established MDSC-inducing protein GM-CSF [26] ( fig. 4 a) . S100 proteins, including the S100A8/ A9 heterodimer calprotectin, SAA, and other increased inflammatory proteins in CAPS patients [31] with established effects on the MDSC generation in mice [32] [33] [34] , elicited an overall slight impact on the MDSC amount in human in vitro cultures ( fig. 4 b-d) .
Distinct Growth Factors and Chemokines Are Elevated in CAPS Patients
In the search for further potential MDSC-inducing factors involved in CAPS patients we applied a multiplex cytokine/growth factor array and examined frozen sera from CAPS patients before and after the initiation of an effective anti-IL-1 therapy ( fig. 5 ; online suppl. table 1). These studies revealed that the well-established MDSCinducing factors GM-CSF and vascular endothelial growth factor (VEGF) [10, 26, 35] were increased in CAPS sera before and still after the initiation of a clinically effective anti-IL-1 therapy ( fig. 5 b) . Furthermore, the fibroblast growth factor (FGF), another growth factor, known to be secreted in a direct NLRP3-dependent manner [36] , was increased in CAPS sera. Additionally, we found several chemokines (IL-8, MCP-1, and MIP-1α) significantly elevated in CAPS sera even under effective anti-IL-1 therapy ( fig. 5 c) . However, a relation to MDSC induction has not yet been reported for these proteins. When viewed in combination, these studies indicate that IL-1 family cytokines on the one hand and several growth factors on the other hand seem to be involved in the generation of MDSCs in CAPS patients.
IL-1-and GM-CSF-Induced MDSCs Suppress T-Cell Proliferation and IFNγ Release
Finally, we investigated whether MDSCs induced by IL-1 family cytokines and GM-CSF exhibit a similar Tcell suppressive phenotype as ex vivo isolated neutrophilic MDSCs from CAPS patients. The proliferation assays showed that MDSCs induced in vitro with IL-1β, Il-1α, or IL-18 are able to suppress T-cell proliferation of both CD4 + and CD8 + T cells in a dose-dependent manner to a similar extent as GM-CSF-induced MDSCs. Results from the IFNγ secretion tests also showed a suppressive effect of in-vitro-induced MDSCs on T-cell responses, as secretion of IFNγ is markedly reduced upon cocultivation of the two cell types. Collectively, in these experiments we showed that in-vitro-induced MDSCs recapitulated the T-cell suppressive characteristics of ex vivo isolated neutrophilic MDSCs from CAPS patients, robustly suppressing both CD4 + and CD8 + T-cell activities ( fig. 6 ).
Discussion
Our studies demonstrate for the first time that neutrophilic MDSCs accumulate in a human inflammasomedriven autoinflammatory disease condition. Neutrophilic MDSCs were induced in CAPS patients under anti-IL-1 therapy and dampened inflammatory T-cell and monocytic IL-1β responses. Neutrophilic MDSCs may represent a novel autoregulatory mechanism in inflammatory diseases, which may serve as a future therapeutic target.
Thirty years ago, IL-1RA was identified as an autologous anti-inflammatory mechanism in inflammatory conditions [37] . Later, the recombinant IL-1RA anakinra was successfully used as a targeted therapy in CAPS patients [38, 39] . In this study, we identified another autologous anti-inflammatory mechanism in CAPS patients, namely neutrophilic MDSCs. With respect to their segmented nuclear morphology, these neutrophilic cells seemed to be rather mature, which is in line with previous reports demonstrating activated mature neutrophils with a suppressive phenotype [15, 25, 32, 40] . As mentioned in the introduction, the maturation stage of neutrophilic MDSCs is still a matter of debate in the field. In this paper we follow the definition of neutrophilic/granulocytic MDSCs as a heterogeneous group of T-cell suppressive immune cells with neutrophilic/granulocytic phenotypes without a clear demarcation between immature and mature cells, as discussed in detail elsewhere [18] [19] [20] [21] . Compared to conventional neutrophils the neutrophilic MDSCs in our population exhibited increased expression of chemokine receptors CXCR4 and CCR2, as described before [17, 28, 29] . We would like to emphasize that only quantitative differences in the expression level of chemokine receptors have been identified. To the best of our knowledge, there is still no unique marker for neutrophilic MDSCs in humans.
Neutrophilic MDSCs are known to be suppressive on T and NK cells. On the other hand, highly inflammatory Th17 cells have been reported to be increased in autoinflammatory diseases/CAPS [8, 30] . Therefore, the increased MDSCs might be regarded as an autologous feedback mechanism counteracting these enhanced T-cell activities. The immunomodulation of T-cell answers was shown in our in vitro functional studies either by means of proliferation arrest or inhibition of cytokine secretion (IFNγ and IL-17) . Furthermore, this is the first study to report an effect of MDSCs on the IL-1β production of monocytes. Previously, an influence on dendritic cells has been described [41] , but the IL-1β secretion has not been investigated before. The mechanisms leading to the reduction of IL-1β in MDSC/monocyte cocultures might include (1) proteolytic cleavage of IL-1β, (2) binding/uptake of IL-1β and (3) direct dampening of the inflammasome activity. We could demonstrate that conventional neutrophils did not have a similar effect on the IL-1β concentration. Dampening the amount of IL-1β directly antagonizes the effect of NLRP3 hyperactivation in CAPS. MDSCs might cooperate with other innate anti-inflammatory mechanisms like IL-1RA to limit excessive inflammation in these patients. Further studies are warranted to clarify the underlying mechanisms of this observation.
According to our in vitro data IL-1-targeted therapy in CAPS patients should decrease MDSC numbers. Unfortunately, we could not analyze fresh patient samples before and after the start of IL-1-targeted therapy, as all CAPS patients were already under anti-IL-1 therapy at study entry. Intriguingly, MDSCs were elevated even under highly effective anti-IL-1 therapy and in patients Several growth factors and chemokines are elevated in CAPS patients. a Multiplex cytokine array analysis. Multiplex cytokine array analysis was performed with sera of CAPS patients before (n = 22) and 4 weeks after (n = 21) the initiation of anti-IL-1 therapy with canakinumab and of healthy controls (n = 5) using the Bio-Plex protein multi-array system. The color plot represents x-fold change compared to the median value of the healthy controls (color scale bar on the right). b Growth factors are elevated in CAPS patients. Multiplex cytokine array analysis (see a ) revealed the well-established MDSC-inducing factors GM-CSF, VEGF, and FGF to be elevated in CAPS patients before and after the initiation of anti-IL-1 therapy. Data sets are represented as means ± SEM, and differences were analyzed by the Mann-Whitney test for unpaired or the Wilcoxon test for paired data sets. c Chemokines are elevated in CAPS patients. Multiplex cytokine array analysis (see a ) revealed the chemokines MCP-1 and MIP-1α to be elevated in CAPS patients before and after the initiation of anti-IL-1 therapy. IL-8 was significantly increased only before the initiation of anti-IL-1 therapy. Data sets are represented as means ± SEM, and differences were analyzed by the Mann-Whitney test for unpaired or the Wilcoxon test for paired data sets. * p < 0.05. showing clinical remission. The elevated MDSC numbers in patients with clinical remission may point to subclinical inflammatory activities possibly related to NLRP3-dependent factors other than IL-1β. It is important to note that these patients suffer from inborn defects of the NLRP3 inflammasome and have never experienced a completely normal inflammatory status. Therefore, clinical remission may be hard to define in these patients. One possible factor in the counter-regulatory feedback loop of MDSCs in autoinflammatory diseases might be SAA, which has a role in MDSC induction (e.g. in bacterial sepsis) [34] . SAA is also commonly elevated in autoinflammatory syndromes and might therefore contribute to the increase of MDSCs in these diseases. In our in vitro experiments SAA led to a slight increase in MDSCs. However, we used a recombinant hybrid SAA which elicits different inflammatory activities compared to the naturally occurring human SAA [42] . To gain further insights into which molecules might be involved in MDSC generation we applied two strategies: (1) testing of established NLRP3-dependent IL-1 family cytokines for their capacity to induce MDSCs in vitro and (2) examination of sera from CAPS patients with a multiplex cytokine/ growth factor array in comparison to healthy controls. The experiments with IL-1 family members exhibited a strong inducing effect on MDSC generation for IL-1β, which has been reported previously [22, 26] . A new finding from our study was, however, that this effect is not restricted to IL-1β, but that other IL-1 family members, particularly IL-1α and IL-18, had an even higher potency in inducing MDSCs than IL-1β. A recent report showed monocytic MDSC induction by IL-18 in mice [24] . These IL-1 family members may contribute to elevated MDSCs in CAPS patients even after effective anti-IL-1β therapy. IL-33, on the other hand, had virtually no influence on MDSC generation in our studies. Analyses of sera from CAPS patients primarily exhibited elevated serum levels for growth factors and chemokines, which has not been reported before. Most of these factors did not decrease under an effective anti-IL-1β therapy, suggesting that these elevations may not depend on IL-1β secretion. For example, FGF secretion has been demonstrated to be NLRP3 dependent, but independent from catalytic caspase-1 activity and IL-1β [36] . The increased growth factors and chemokines may also point to a subclinical inflammation even under successful anti-IL-1 therapy and, together with the increased number of MDSCs, may become valuable disease biomarkers. Here, larger longitudinal studies are needed for a comprehensive evaluation. A thorough long-term observation of chronic inflammatory changes in CAPS patients is already warranted. This is underscored by the fact that several of these factors have been associated with chronic disease manifestations, like FGF with organ fibrosis [43] and VEGF with arteriosclerosis [44, 45] . Remarkably, two of the identified elevated growth factors in CAPS sera, GM-CSF and VEGF, have consistently been reported as MDSC-inducing factors [10, 26, 35] . We and others used GM-CSF as a positive control in MDSC induction assays. Therefore, our study identified several factors that may well contribute to the increased MDSC numbers even under anti-IL-1 therapy. For the moment we can only speculate on the role these cells may have in the chronic disease process. However, T cells have been shown to be considerably skewed towards highly inflammatory subtypes like Th17 cells in autoinflammatory diseases [8, 30] . MDSCs as a physiological anti-inflammatory response may counteract this dysregulated activity.
CAPS after therapy
In vivo generation of MDSCs or ex vivo expansion and adoptive transfer may become a future therapeutic strategy in severe cases or in specific complications of autoinflammation not sufficiently responding to conventional therapies. The established application of mesenchymal stem cells in entities like GvHD (graft-versus-host disease) [46] may also point the way for cell-based therapies in certain autoinflammatory disease states. Possible components in this approach, already employed as medical therapies for other indications, might be GM-CSF or Fig. 6 . IL-1 family members increase T-cell suppressive MDSCs in vitro. a MDSCs were generated by incubating PBMCs (5 × 10 5 /ml) from heparinized fresh blood with GM-CSF (10 ng/ml) as positive control or IL-1β (10 ng/ml), IL-1α (100 ng/ml), or IL-18 (100 ng/ ml). After 6 days, MDSCs were isolated using MACS separation and cocultured with PBMCs from healthy donors stained with CFSE in different ratios (1: 2 and 1: 6). Proliferation was analyzed after 4 days by flow cytometry. physical therapies like extracorporal photopheresis, which has recently been associated with the induction of MDSCs in GvHD [47] .
Beyond these studies, we have preliminary data that the increased percentages of MDSCs are also found in other autoinflammatory diseases, such as TRAPS (tumor necrosis factor receptor-associated periodic syndrome), FMF (familial Mediterranean fever) and PFAPA (periodic fever, aphthous stomatitis, pharyngitis and adenitis; data not shown), and might represent a common mechanism of counter-regulation in autoinflammatory diseases. This could also provide a new rationale for the observed strong periodicity of some of these syndromes, in particular PFAPA [48] . Inflammation (due to multiple reasons, e.g. chronic infections or chronic inflammasome activation) would induce the generation of MDSCs from myeloid progenitor cells in the bone marrow over several days to weeks. These MDSCs would then decrease inflammation, followed by a disappearance of MDSCs over several days due to fading inflammatory stimuli. The disappearance of MDSCs would again allow the rise of inflammation, leading to a new cycle of progenitor cell differentiation.
Taken together, our studies demonstrate that neutrophilic MDSCs are induced in CAPS patients under anti-IL-1 therapy and reveal several MDSC-inducing factors in these patients. Increased MDSCs represent a novel autologous anti-inflammatory mechanism in autoinflammatory conditions by limiting both inflammatory T-cell and monocyte responses. MDSCs may serve as a future therapeutic target in autoinflammation.
